We combine the NRQCD formalism for the inclusive color singlet and octet production of charmonium states with the parton and the ACCMM model, respectively, in order to include bound state corrections, and calculate the J/ψ momentum distribution in the decay B → J/ψ + X. A comparison of our results with recent data from CLEO restricts the range for the parameters of the heavy quark distribution function; ε p (in the parton model) and the Fermi momentum p F (in the ACCMM model). In particular we arrive at ε p = O(0.010 − 0.012) and p F = O(0.57 GeV), respectively. The latter value (p F ∼ 0.5 − 0.6 GeV), when applied to the semileptonic B decays, produces (in the ACCMM model) |V ub /V cb | ≃ 0.107 ± 0.011.
Introduction
The ARGUS and CLEO collaborations reported results on inclusive B meson decays to J/ψ, where they identified a sizable component of decays with three or more particles in the final state [1] . In a recent publication [2] CLEO presented an analysis based on their sample of data which is an order of magnitude larger than those of previous studies, corresponding to a reduction of errors by a factor of 2.4 . As a result the group finds the direct branching ratio B(B → J/ψ + X) = (0.80 ± 0.08)%.
In the context of the color singlet (wave function) model the process under consideration is related to the decay of a b quark in the B meson, at short distances, into a color singlet cc pair plus other quarks and gluons. The c andc have almost equal momenta and reside in the appropriate angular-momentum state. Several authors performed theoretical studies of the branching ratio B(b → J/ψ + X) (in which X sums over hadronic states), to leading order in α s , using the color singlet approach [3] . The measurements indicate that this approach underestimates the data by roughly a factor of three. The inconsistency remains when the next-to-leading order perturbative corrections are included [4] . Thus it is interesting to consider generalizations to the color singlet model.
The nonrelativistic QCD (NRQCD) factorization formalism developed by BBL [5] makes possible a systematic treatment of soft gluon effects in the inclusive heavy quarkonium production. Thus it allows for the creation, at short distances, of a heavy quark and anti-quark pair in a color octet configuration which subsequently evolves into a physical bound state through the emission and absorption of soft gluons.
Color octet contributions to inclusive charmonium production have been recently investigated in hadronic reactions at collider and fixed target experiments [6] [7] [8] [9] , in e + e − annihilations [10] , γ-nucleon reactions at fixed target and HERA energies [11] [12] [13] , in Z 0 decays at LEP [14] , and in lepton-nucleon reactions [15] . A comprehensive review of recent developments in this field can be found in Ref. [16] . In our analysis, we shall refer to previous studies of inclusive B meson decays to J/ψ [13, 17, 18] . The latter articles considered the decay of free b quarks, presenting the leading color octet contributions to the branching ratio B(b → J/ψ + X). However, this quantity is very sensitive to the numerical values chosen for the Wilson coefficients and the NRQCD matrix elements. Thus studies which rely only on the comparison of the theoretical predictions with the measured branching ratio do not provide a complete test of the color octet production mechanism.
Following the lines of the NRQCD approach we shall extend the analysis to the J/ψ momentum distribution, arguing that the latter must be attributed to the B meson bound state corrections. This property is due to the factorization of the inclusive charmonium production, as well as, to the mandatory neglect of soft gluon momenta in the final state. By analyzing the bound state corrections in this way, we seek to account for the observed J/ψ momentum spectrum, and test the NRQCD factorization formalism for charmonium production in B decays in greater detail.
So far there is no detailed theoretical fit of the momentum spectrum. Palmer and Stech have made a first attempt using a simple wave function formalism [19] . In this paper we will investigate two different approaches in order to account for the experimental results. As stated above a sizable component of the observed momentum spectrum is due to nonresonant multi-particle final states. Consequently, for a wide range of the phase space an inclusive description based on quark-hadron duality is appropriate. This approach was applied extensively to the inclusive semileptonic decays of B mesons.
Over the last few years, considerable progress has been made in the calculation of nonperturbative corrections to the lepton energy spectrum using the operator product expansion (OPE) [20] . The latter approach involves a series in powers of 1/(1 − y)m b with y being the normalized lepton energy and incorporates the formalism of the Heavy Quark Effective Theory (HQET) [21] . However, an analysis of the decay B → J/ψ + X using the HQET is only of limited validity, since due to the smaller energy release the convergence of the OPE is less reliable than for the semileptonic decays. Therefore we shall resort to a formalism in which the momentum distribution of the heavy quark in the B meson, the latter representing the dominant bound state effect, can be modeled in terms of parameters that may be obtained from experiment.
As we shall argue, the shape of the J/ψ momentum spectrum obtained in our study is largely free of the above-mentioned uncertainties associated with the numerical values of the Wilson coefficients and the NRQCD matrix elements. Thus it provides a favorable testing ground for the functional form of the heavy quark momentum distribution.
The paper is organized as follows. In Section 2 we outline the basic ideas of the NRQCD approach as they apply to the inclusive charmonium production in b decays. In order to account for the measured J/ψ momentum spectrum, we shall combine the latter formalism with two different models for the B meson bound state corrections. In Section 3 we present a light-cone formulation of the parton model, which two of us together with Jin developed for the semileptonic decays [22] . Subsequently, in Section 4 we calculate the J/ψ momentum spectrum within the framework of the ACCMM model [23] . In each of the analyses we determine the parameter of the probability distribution function from a comparison with the recent CLEO data. Finally, in Section 5 we comment on the application of our results to the extraction of the CKM parameter |V ub /V cb | (in the ACCMM model) from the semileptonic decays. The summary can be found in Section 6.
b → J/ψ + X in the NRQCD Formalism
The nonrelativistic-QCD (NRQCD) formalism, developed by BBL [5] , represents a comprehensive theoretical framework for the study of inclusive charmonium production. Denoting by v the relative velocity of the two heavy constituents inside the (QQ) bound state, the NRQCD approach introduces the complete structure of the quarkonium Fock space to a given order in v 2 and thus allows for a consistent factorization of long-and short-distance effects. Consequently, the charmonium production rate is represented by a sum of products, each of which consists of a short-distance coefficient, associated with the creation of a heavy quark and anti-quark pair in a specific angular and color configuration, and a nonperturbative NRQCD matrix element 0|O H ( 2S+1 L J ) a |0 which parameterizes the subsequent evolution of the intermediate cc( 2S+1 L J ) a state into a physical charmonium bound state H (plus light hadrons). The latter step is generated through the emission and absorption of soft gluons.
The separation of the distance scales (see Fig. 1 ), and its association to the small value of the constituents' relative velocity (v 2 c ∼ 0.23 − 0.30 for charmonium), makes possible the calculation of the heavy quarkonium production rate in terms of a double series in powers of v 2 and α s (numerically α s (m 2 c ) ∼ v 2 c ). This way the production through an intermediate color octet state, although down by powers of v 2 in the Fock state hierarchy, can be numerically relevant in view of possible short-distance enhancements.
The authors of Refs. [13, 17, 18] pointed out that for inclusive B decays to S-wave charmonia the color octet production mechanism is indeed important, even though it is of order v 4 with respect to the basic color singlet one, because the Wilson coefficient of the color octet term is strongly enhanced in comparison to that of the color singlet transition.
Since we shall use formulas for the decay rate Γ(b → J/ψ + X) in our analysis of the J/ψ momentum distribution from B meson decays in the ACCMM model, we shall briefly outline the basic ideas of the NRQCD approach.
At the b mass scale, the Hamiltonian which induces the effective b → ccq f (f = s, d) transitions reads
where operators arising from penguin and box diagrams have been neglected. The renormalization (Wilson) coefficients C ± (µ) have been computed up to the next-toleading order corrections in Ref. [24] . Within the NRQCD approach the leading order values must be used to be consistent with the double power series in v 2 and α s .
In order to obtain the nonrelativistic interaction, one expresses the Dirac bilinears of the c andc in terms of (two-component) Pauli spinors ξ and η, the constituents' relative three-momentum q, and the Pauli matrices σ i . This allows one to consider separately states with specific angular momentum and color (for details see Ref. [8] ). To linear order in v = |q|/m c , the short-distance amplitude A (using a notation in which the spinors do not carry color indices) can be rewritten as [18] 
c, d, e, f being color indices, σ and τ the individual spins of the charm quarks. P is the total four-momentum of the c andc in the laboratory frame, Λ µ i is the Lorentz boost matrix that takes a three-vector from the cc restframe to the laboratory frame.
The decay rate to a cc pair, calculated in full perturbative QCD, is obtained from
where the dots denote higher order terms in the v 2 -expansion. The integrations represent the three-body phase space of the final state. Using perturbative NRQCD, the corresponding decay rate to a cc pair of a specific angular and color quantum number state
Replacing the heavy quark field operators, which appear in the cc matrix elements, in terms of the Pauli spinors ξ and η [7, 8] permits a matching of the two perturbative results in Eqs. (3) and (4). This determines the short-distance coefficients S a [n], which equally apply to the inclusive decays to charmonium bound states. Consequently, the rate of the transition b → J/ψ + X in the NRQCD factorization formalism reads
Here we related individual channels and then considered their sum. Note that the integration over the relative momentum in Eq. (4) properly relates the short-distance 1 → 3 particle transition to the long-distance effective 1 → 2 particle one. Evaluating the color octet intermediate states in Eq. (6) up to order v 4 relative to the color singlet 'baseline', one obtains in the restframe of the b meson (with m f ≃ 0 and |V cs | 2 + |V cd | 2 ≃ 1) [13, 17, 18] ,
where we defined the NRQCD coefficients
We shall apply Eqs. (7)- (9) in Section 4 in the context of the ACCMM model in order to determine the J/ψ momentum distribution from B meson decays.
In the case of the parton model, which we shall introduce in Section 3, we have to relate the short-and long-distance matrix elements squared rather than the decay rates. To this end let us define the matrix element M of the effective interaction b → J/ψ + X, in which the b → q f transition is assumed to be independent of the inclusive charmonium production process, through
If we identify the total four-momentum P of the c andc with the momentum of the J/ψ in the final state, k ψ ≡ P , then comparing Eqs. (6) and (10) we obtain
An explicit calculation yields
where the J/ψ tensor structure L ψ µν reads
with a and b defined in Eqs. (8) and (9) . The momentum identification, described above, is in accordance with the BBL formalism for quarkonium production, since the soft gluons, radiated in the nonperturbative transition cc → J/ψ + X (and materializing into light hadrons), are assigned no energy or momentum; i.e., the low energy dependence of the long-distance interaction is neglected, and thus the NRQCD matrix elements appear as universal constants.
In Section 3 we shall apply Eq. (13) in the context of the parton model. For comparison with data we may identify 2m c with the mass M ψ of the J/ψ, because to leading order in the v 2 expansion P 2 = 4m 2 c .
3 B → J/ψ + X in the Parton Model (PM)
Calculation of the Differential Branching Ratio
As we mentioned above, in the context of the NRQCD approach the nonperturbative charmonium production process cc → J/ψ + X is assumed to be independent of the b → q f transition. Accordingly, the effective B → J/ψ + X interaction is evaluated using a (generalized) factorization approximation by which the amplitude can be written as a product of matrix elements of current operators [25] ,
where
Note that, contrary to the color singlet wave function model, the BBL mechanism allows for a consistent inclusion of the color octet transitions.
The standard NRQCD approach outlined in Section 2 considers charmonium production from a free b quark decay. As it becomes obvious from Eq. (6), the corresponding transition b → J/ψ + X refers to a 1 → 2 particle phase space, a characteristic due to the neglect of soft gluon momenta. Consequently, the J/ψ momentum distribution from inclusive B meson decays arises entirely from the initial bound state corrections (and the momentum smearing from the Lorentz boost to the laboratory frame). We shall incorporate these corrections, attributed to the interaction between heavy and light quark in the initial meson, in the framework of the parton model, as it has been developed for semileptonic decays.
The basis for our approach is given by a light-cone formulation of the parton model. If we square the matrix element for the effective B → X f transition and sum over all final states, which guarantees incoherence, we produce the corresponding hadronic tensor
where j µ (y) = :q f γ L µ b(y): is the left-handed effective neutral current (again using a notation in which the spinors do not carry color indices). The same tensor structure has been encountered in the semileptonic B meson decays [22, 26, 27] . If we substitute for the leptonic tensor the corresponding expression (13) of the J/ψ, we can write the differential rate for the decay B → J/ψ + X f in the restframe of the B in direct analogy to the semileptonic decay,
The general structure of the hadronic tensor reads
where in our case q = k ψ . Introducing the light-cone dominance, as in Refs. [22, [26] [27] [28] , allows us to relate the tensor corresponding to the transition B → X f in the decay B → J/ψ + X f to the distribution function f (x) of the heavy quark momentum,
with
From Eqs. (17) and (18) one obtains the structure functions W i of the hadronic tensor in the restframe of the B meson, which two of us together with Jin derived in Refs. [22] in exact analogy for the semileptonic decay rate,
where we have defined
For the case of a massless final quark, x ± are identical to the usual light-cone variables. The dependence of the distribution function on the single scaling variable x is a consequence of the light-cone dominance, since in this framework the structure function f (x) is obtained as the Fourier transform of the reduced bilocal matrix element, which contains the longdistance contributions to the hadronic tensor [26] ,
The terms proportional to f (x − ) in Eq. (20) are a result of the field-theoretical approach. The kinematical range for x − belongs to a final state quark with negative energy. Therefore the corresponding terms can be associated, formally, with quark pair-creation in the B meson whereas the dominant terms proportional to f (x + ) reflect the direct decay.
Including the small f (x − ) term as well as the CKM suppressed transition c → d the Lorentz invariant width of the decay B → J/ψ + X reads
Evaluating Eq. (23) in the restframe of the B meson we arrive at the formula for the J/ψ momentum spectrum,
within the framework of the parton model. Using Eq. (20) the corresponding differential branching ratio can be written as
within the kinematical range
(Note that for comparison with data we identify 2m c with the mass M ψ of the J/ψ.) Adopting m f ≃ 0 and |V cs | 2 + |V cd | 2 ≃ 1, the latter result reads
To compare our result with data from CLEO a Lorentz boost has in addition to be performed from the restframe of the B meson to a B produced at the Υ(4S) resonance (|p B | = 0.34 GeV). The explicit form of the boost integral we give in Section 4.1 in the context of the ACCMM model (see Eq. (42)).
We note that the dependence of the decay spectrum on the structure function appears in a factorized form. Thus the shape of the theoretical spectrum Eq. (28) is governed by the functional form of the heavy quark momentum distribution. This statement does not hold for the semileptonic decay of the B meson, in which the leptonic spectrum involves an integral over the structure function.
In the following Section we compare the predictions of Eq. (28) with the existing experimental data.
Analysis and Numerical Evaluation
In order to compute the theoretical momentum distribution we must fix the set of parameters appearing in Eq. (28) . In the numerical analysis we shall use G F = 1.1664 × 10 [29] . Moreover we shall adopt τ B = 1.61 ps for the B meson lifetime [30] and |V cb | = 0.040. The latter value stems from a CLEO II analysis [31] of the inclusive semileptonic B decays 1 and is in accordance with the world average from inclusive and exclusive measurements, |V cb | = 0.0381 ± 0.0021 [33] .
As we mentioned above, the numerical values of the nonperturbative NRQCD matrix elements 0|O
In the rest of this article, we shall use
In addition we have to impose the (approximate) heavy quark spin symmetry to relate the matrix element O
The color singlet matrix element O [12] , pion-nucleon reactions [9] and, roughly, with calculations of J/ψ production in hadronic collisions [7] . Yet one has to note that the various investigations of charmonium production processes within the NRQCD approach involve leading order theoretical expressions. The corresponding uncertainties in the determination of the matrix elements set up a sizable range in the parameter space (for a detailed discussion see Ref. [18] ). However, as we discuss next, an important feature of our analysis is that the momentum dependence is largely free of these uncertainties.
In both models, the parton and the ACCMM model, the shapes of the spectra originating from various cc( 2S+1 L J ) intermediate states are essentially identical. This statement is obvious in case of the ( 3 L 1 ) vector states, which involve identical Lorentz structures, and thus the relevant NRQCD matrix elements appear in a single constant (see Eq. (8)); in case of the ( 1 S 0 ) scalar state the equivalence follows from the explicit calculation. Consequently, the shape of the entire J/ψ momentum distribution in B meson decays is practically independent of the exact values of the nonperturbative matrix elements. The same statement holds for the numerical values of the parameters occurring in the short-distance coefficients (in particular errors have to be attributed to the Wilson coefficients, due to scale uncertainties, and to the value chosen for the CKM element V cb ).
The set of parameters mentioned above solely determines the normalization of the J/ψ momentum spectrum. Within the inclusive approach outlined in the previous sections the shape however is completely attributed to the momentum distribution of the b quark in the initial B meson (as well as to phase space effects). Therefore the B → J/ψ + X decay provides a very favorable testing ground for the functional form of the quark distribution. In addition a successful reproduction of the data at hand may confirm the validity of the basic approximation contained in the NRQCD approach, i.e., the neglect of soft gluon momenta in the final state.
In the parton model, in the absence of direct measurements of the distribution function we use a one-parameter Ansatz and fix the distribution parameter by comparing our results with data. Referring to theoretical studies which pointed out that the distribution and fragmentation function of heavy quarks peak at large values of x [35] , we assume as a working hypothesis that the functional form of both is similar. The latter is known from experiment and we shall use the Peterson functional form [36] f
with ε p being the free parameter and N ε the corresponding normalization constant. This approach has already been applied in the semileptonic decays of the B meson [22] and shall be reconsidered here.
In Fig. 2a we show the distribution function f (x) for various values of ε p . The kinematical range for the two arguments x ± appearing in Eq. (28) reads
Note that the variable x − only occurs with values at which f (x − ) is small. Therefore the corresponding contribution to the differential branching ratio is small. We use Eq. (31) to fit the measured momentum spectrum of the J/ψ which was given by the CLEO group [2] . As pointed out above, the shape of the theoretical spectrum is determined by the distribution function, i.e., by the parameter ε p .
A general feature of the analysis is our difficulty in reproducing the data over the whole range of phase space. Confronted with this problem, we lay greater emphasis on the appropriate description of the low momentum range (|k ψ | 1.4 GeV). Within this region the J/ψ spectrum obtains a sizable contribution from decay channels containing three or more particles in the final state (where higher K * resonances are assumed to be unimportant), whereas the high momentum range is mainly determined by the exclusive two-body decays B → J/ψ K ( * ) . Therefore incoherence, as a necessary ingredient of the PM, is fulfilled in the former region. As a result we find that if we apply small values for the distribution parameter ε p O(0.004 − 0.006) we cannot account for any part of the low momentum region which is underestimated, whereas the high momentum range is overestimated. The situation improves if we apply larger values for ε p = O(0.010 − 0.012), corresponding to a softer b quark distribution than that used in the studies of semileptonic B decays (see Fig. 3 ). Yet there is still a moderate systematic underestimate. A further increase of the distribution parameter (with the remaining parameters kept unchanged) does not imply significant modifications within the low momentum range.
Considering the uncertainties associated with the determination of the NRQCD matrix elements and, consequently, with the normalization of the spectrum, in Fig. 4 we show the J/ψ momentum distribution for ε p = 0.012 and a modified value O J/ψ 8 ( 3 P 0 ) /m 2 c = −0.001 GeV 3 . The fit is somewhat better but the agreement between theory and experiment is satisfactory only in part. However, the color octet intermediate states, with reasonable values of the matrix elements, improve the fit of the calculated curves to the observed spectrum. For comparison, and to point out the importance of the color octet charmonium production mechanism, we also show in Fig. 4 the spectrum arising from the color singlet (wave function) model ( O J/ψ 8 ( 2S+1 L J ) ≡ 0). The latter underestimates the data by roughly a factor of three.
As a general result we conclude that, even in a modified functional approach, the b quark momentum distribution has to be chosen softer than that used in previous studies of semileptonic B decays. We shall see in Section 4.2 that an analogous statement holds for the Fermi momentum distribution in the ACCMM model.
Finally, the errors in the data, although substantially improved, are still significant and a crucial test will be possible, when the error bars will be further reduced.
B → J/ψ + X in the ACCMM Model

Calculation of the Differential Branching Ratio
A second approach which allows us to determine the momentum distribution of the J/ψ in the inclusive decay of the B meson is given by the ACCMM model [23] . In this model the bound state corrections to the free b quark decay are incorporated by attributing to the spectator quark a Fermi motion within the meson. The momentum spectrum of the J/ψ is then obtained by folding the Fermi motion with the spectrum from the b quark decay. In Ref. [37] the shape of the J/ψ momentum distribution resulting from Fermi momentum smearing has been given in the context of the color singlet wave function model (and without consideration of the light spectator quark mass). We shall extend the analysis by including the leading color octet contribution to the charmonium production in the framework of the NRQCD factorization formalism and by comparing our results with experimental data.
The spectator quark is handled as an on-shell particle with definite mass m sp and momentum |p| = p. Consequently, the b quark is considered to be off-shell with a virtual mass W given in the restframe of the B meson by energy-momentum conservation as
Altarelli et al. introduced in the model a Gaussian probability distribution φ(p) for the spectator (and thus for the heavy quark) momentum,
normalized according to ∞ 0 dp p 2 φ(p) = 1 .
The Gaussian width, p F , is treated as a free parameter which has to be determined by experiment.
The main difference between the parton model and ACCMM is that in the latter one must consider a b quark in flight. We therefore start from the momentum spectrum of the J/ψ resulting from the decay b → J/ψ + X f (f = s, d) of a b quark of mass W and momentum p which is given by
Here we have defined
Γ 0 is the width of the analogous decay in the restframe of the heavy quark as obtained from the NRQCD factorization formalism. According to Eqs. (7)-(9) it reads (again adopting m f ≃ 0 and |V cs | 2 + |V cd | 2 ≃ 1)
where a and b contain the nonperturbative effects in the charmonium production process. In Eq.
± give the limits of the momentum range which results from the Lorentz boost from the restframe of the b quark to a frame where the b has a nonvanishing momentum p,
and
being the corresponding Lorentz factor,
To calculate the momentum spectrum of the J/ψ from the inclusive decay of the B meson one has to fold the heavy quark momentum probability distribution with the spectrum (36) resulting from the b quark subprocess. Performing this we finally arrive at the expression for the differential branching ratio for a B meson in flight,
τ Bk
Here p max is the maximum kinematically allowed value of the quark momentum p, i.e., that which makes W in Eq. (33) equal to W = M ψ (for comparison with data again we identify 2m c with the mass M ψ of the J/ψ),
The first integration in Eq. (42) results from the transformation from the spectrum for a B meson at rest to the spectrum for a B meson in flight, where
k max being the maximum value of the J/ψ momentum from the decay B → J/ψ + X in the restframe of the B,
(Note that in the PM S min = 0 for vanishing masses of the final state quark q f .) In the following Section we make use of Eq. (42) to compare the model predictions with experimental data.
Analysis and Numerical Evaluation
Both models, the parton model as well as ACCMM incorporate the bound state structure of the B meson by postulating a momentum and, consequently, a mass distribution for the heavy quark. In Section 3.2 we pointed out that in the PM the dependence of the J/ψ momentum spectrum on the exact value of the Peterson parameter ε p (within the low momentum range |k ψ | 1.4 GeV) is only moderate. We shall see that, contrary to this, in the ACCMM model the dependence of the spectrum on the Fermi parameter p F is strong, which allows us to perform a detailed analysis.
Introducing in the latter model another x-variable as the ratio x = W/M B , we may calculate the appropriate distribution function w(x) of the b quark in the restframe of the B meson as a function of the relative mass x. In Fig. 2b we plot the function w(x) for m sp = 0.15 GeV and various values of p F , this value for the spectator mass being frequently used in studies of the semileptonic decays. Note that the mass distribution shows sizable modifications due to the variation of p F .
Both models have the advantage of avoiding the mass of the heavy quark as an independent parameter. As a consequence, the phase space is treated correctly because they use the mesonic degrees of freedom.
The shape of the momentum spectrum in the decay B → J/ψ + X is determined by the value of p F . The extraction of this value from a comparison with experimental data is important not only for explaining the decay itself and thus testing the factorization assumption of Eq. (14) , but also for the determination of the CKM parameter |V ub /V cb | from the endpoint region of the inclusive semileptonic B → X c(u) lν decay spectrum. As stated in Ref. [38] the extraction of p F from single lepton data has been very ambiguous, because various parameters of the ACCMM model were fitted simultaneously to a limited region of the lepton energy spectrum (E l > 1.8 GeV), in which the perturbative QCD corrections are considerable (especially for b → u). Furthermore, as pointed out in Ref. [39] , for a large range of the leptonic phase space the sensitivity to the bound state effects is weak.
The transition B → J/ψ + X provides an independent way of extracting the Fermi momentum parameter of the ACCMM model. In contrast to the energy spectrum in the semileptonic decay the shape of the J/ψ momentum spectrum is very sensitive to this parameter over the whole phase space.
Employing the spectator distribution function (34) we calculated the momentum spectrum for the decay of B mesons produced at the Υ(4S) resonance. Figs. 5 and 6 show the comparison with the CLEO data for the set of parameters given in Section 3.2 and for m sp = 0.15 GeV. In Fig. 5 one can see that (considering the fact that the ACCMM model does not include hadronization effects and, consequently, yields an averaged spectrum) the agreement of the theoretical spectrum with the data is good provided we choose the value p F = O(0.57 GeV). Again we point out the dominance of the color octet charmonium production mechanism by plotting also the spectrum which arises from the color singlet model, the latter underestimating the data by roughly a factor of three.
To demonstrate the high sensitivity of the spectrum to the Fermi motion parameter over the whole range of phase space, we present in Fig. 6 the spectrum for p F = 0.3 GeV (with the remaining parameters kept unchanged), the latter value being commonly used by experimentalists in the analysis of the semileptonic decays. Note the large discrepancy between theoretical prediction and data. Thus it is obvious that the shape of the measured J/ψ momentum distribution cannot be reproduced in the model when using values significantly smaller than p F = 0.5 GeV. Especially the sizable contribution in the low momentum range requires a soft probability distribution of the heavy quark momentum. Further we want to emphasize that (using p F = 0.57 GeV) not only the shape but, due to the inclusion of color octet intermediate states in the charmonium production, also the normalization of the theoretical spectrum is in good agreement with the data. This way our analysis supports the numerical values of the NRQCD matrix elements given in Eq. (29) .
Note that the authors of Ref. [13] could not account for the measured value of the branching ratio B(B → J/ψ + X), because they restricted the NRQCD analysis to positive values of the matrix element O J/ψ 8 ( 3 P 0 ) , and because (using m b = 5.3 GeV) they did not take into account corrections due to the bound state structure of the B meson.
As a result, we conclude that the value p F = O(0.57 GeV) for the Fermi motion parameter of the ACCMM model is strongly favored when applying this model to the inclusive B → J/ψ + X decay.
Application to Semileptonic Decays
The common procedure, followed in the analysis of the semileptonic decay B → X c(u) lν, is to determine the Fermi motion parameter from the data of the lepton spectrum away from the endpoint region where the spectrum is dominated by b → c transitions. This result is then used to model the endpoint region (E l > 2.3 GeV), which originates only from b → u transitions, in order to extract the value of the CKM parameter |V ub /V cb |. In this method, an accurate determination of p F is mandatory.
A CLEO analysis [40] of single lepton data (E l > 1.8 GeV) employing the common value p F = 0.3 GeV yields a discrepancy between ACCMM and the ISGW model of Isgur et al. [32] in the extraction of |V ub /V cb |, 
However, as we discussed in Section 4.2, the determination of p F from the limited region (E l > 1.8 GeV) of the lepton energy spectrum has been very ambiguous. Recently, using dilepton data the CLEO collaboration has performed a model independent analysis of the lepton spectrum over essentially the full momentum range [31] . By comparing the results with the theoretical prediction of the ACCMM model Hwang et al. [38] obtained p F = 0.54 +0.16 −0.15 GeV, the latter value now having a clear experimental justification. Note however that the error is still significant. Furthermore, a priori the neglect of Fermi motion in the final state is only justified in the case of light quarks [41] . Thus an intrinsic uncertainty due to the model assumptions is connected with the extraction of p F from the semileptonic b → c transitions, where m c is non-negligible.
As argued in Ref. [38] the Fermi momentum parameter is not a truly free parameter, but it is directly related to the average kinetic energy of the heavy quark, p 2 = 3 2 p 2 F through the Gaussian form of the distribution function (34) . Thus the value of p F can also be deduced theoretically from a study of the b quark's average kinetic energy. Hwang et al. [38] calculated the latter in the relativistic quark model, from which they obtained p F ∼ 0.5 − 0.6 GeV, this value being in good agreement with the one deduced from the QCD sum rule analysis of Ref. [42] , p F = 0.58 ± 0.06 GeV. Both results respect the limit p F ≥ 0.49 GeV which follows from an inequality between the expectation value of the b quark's kinetic energy and that of the chromomagnetic operator derived by Bigi et al.
using the methods of the Heavy Quark Effective Theory [41] . The lower bound from the latter inequality however could be considerably weakened by higher order perturbative corrections [43] . The numerical range of the Fermi motion parameter deduced from the heavy quark's kinetic energy is in good accordance with our findings from the analysis of the inclusive B → J/ψ + X decay. Note that the latter involves effective transitions of b to light quarks q f (f = s, d) for which the neglect of Fermi motion in the final state is justified. Thus we conclude that a value p F ∼ 0.5 − 0.6 GeV is strongly supported theoretically as well as experimentally. Following Ref. [38] , the corresponding range of the CKM parameter |V ub /V cb | extracted from the endpoint of the semileptonic decay spectrum reads 10 × |V ub /V cb | ≃ 1.07 ± 0.11 (ACCMM, p F ∼ 0.5 − 0.6 GeV) ,
which is in good agreement with the ISGW model [32] . 2 
Summary and Conclusion
In this article we relate the J/ψ momentum spectrum in the decay B → J/ψ + X to the bound state structure of the B meson. An inclusive formalism has been worked out in detail, which combines the NRQCD mechanism for the color singlet and octet production of charmonium states with the framework of the parton and the ACCMM model, respectively. In each case a one-parameter momentum distribution function for the heavy quark is introduced. We fixed the distribution parameter by comparing the predicted J/ψ momentum spectrum with the recent CLEO data, putting emphasis on the adequate reproduction of the low momentum spectrum, which contains nonresonant multi-particle final states. Within the parton model we obtain ε p = O(0.010 − 0.012) where deviations from the Peterson et al. distribution, taken from production experiments, are apparent in the data. In further studies of inclusive B decays in terms of the parton model, it will be of interest to consider a modified Ansatz for the b quark momentum distribution. The ACCMM model can account for the shape of the J/ψ momentum spectrum over the whole range of phase space when we use a Fermi parameter p F = O(0.57 GeV). Moreover, using numerical values of the NRQCD matrix elements extracted from the inclusive hadroand leptoproduction of charmonium states, respectively, our findings are in agreement with the observed value of the branching ratio B(B → J/ψ + X). The successful reproduction of the experimental data supports the virtue of the basic approximation contained in the NRQCD approach, i. e., the neglect of soft gluon momenta in the final state.
A significant result of our study is the large value for the Fermi momentum parameter (p F ∼ 0.5 − 0.6 GeV). Including this result in the analysis of the endpoint electron energy spectrum for the semileptonic decays yields the value 10 × |V ub /V cb | ≃ 1.07 ± 0.11.
A direct access to the momentum distribution of the heavy quark in the B meson, which does not involve the NRQCD formalism, will be possible, as soon as precise measurements of the photon spectrum in b → s γ decays are at hand. In addition, a study of the hadronic invariant mass spectrum in the inclusive semileptonic decays, available in the future asymmetric B experiments in KEK and SLAC, can be particularly useful in separating b → u from the dominant b → c transitions and thus extracting the CKM parameter |V ub | from the data [45] . Fig. 3 Theoretical momentum spectrum in the PM for direct inclusive J/ψ production from B decays at the Υ(4S) resonance, shown for various values of ε p and compared with the CLEO data; the parameters are given in Section 3.2. Fig. 4 Same as in Fig. 3 , now for ε p = 0.012 and a modified value of the ( 3 P 1 ) matrix element (dashed line). The dotted line shows the contribution from color singlet ( 3 S 1 ) intermediate states. 
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